Low temperature fuel cells (LTFCs) are promising electrochemical devices for the direct conversion of chemical energy of hydrogen into electrical work[@b1]. However, the high cost owing to a low utilization of the noble metal catalyst (i.e., Pt), and the low stability owing to sensitive oxidation of conventional carbon black supports under radically chemical and electrochemical oxidation conditions at cathode for fuel cells[@b2][@b3], have seriously hindered the commercialization of LTFCs. Recently, graphene nanosheet (GNS) has attracted a great attention as catalyst supports owing to its unique properties such as very large theoretical specific surface area (2630 m^2^ g^−1^), high electrical conductivity, superior catalytic activity by nitrogen doping or halogen-functionalized, and high chemical and electrochemical stabilities[@b4][@b5][@b6][@b7][@b8][@b9]. However, due to the strong exfoliation energy of the π-stacked layers in graphite caused by the π−π interaction[@b10][@b11], the 2D GNS readily tends to restack when used as catalyst supports[@b12]. This directly results in significant reduction of the geometry surface area of support materials, decreasing the ECSA of the noble metal catalyst[@b13] and heavily hindering the catalytic reaction due to an elevated resistance for the diffusion of reactant species[@b14]. So far, some attempts have been made to prevent such restacking, including the combination of GNS with other carbon building blocks, such as carbon nanotubes, fullerene, carbon nanospheres and carbon nanofibers[@b13][@b15][@b16][@b17][@b18]. However, such carbon building blocks increase the complexity of the synthesis process and can be electrochemically oxidized under the harsh work environment of proton exchange membrane fuel cells (PEMFCs).

Hence, chemically inert nano-ceramic materials have attracted much attention as alternative support materials for fuel cell catalysts because of their outstanding oxidation and acid corrosion resistance as well as excellent thermal stability[@b19][@b20]. We[@b21][@b22][@b23] have demonstrated nano-boron carbide (B~4~C), nano-silicon carbide (SiC), titanium diboride (TiB~2~) as well can act as stable catalyst supports in PEMFCs. However, the electrical conductivity of such ceramics needs to be further improved. Fortunately, zirconium diboride (ZrB~2~), with unique metallic conductive nature, has been reported[@b24] and shows more excellent thermal and electrical conductivities, high corrosion resistance, as well as good thermal stability and mechanical property[@b25][@b26]. However, differently from the previously reported GNS/carbon/GNS sandwich architectures by us[@b13], the presence of a big difference in density between nano-ceramics and graphene, can prevent the nano-ZrB~2~ particles from being incorporated into the spacing between the reduced graphene oxide (RGO) layers in liquid solutions. Consequently, as shown in [Figure 1a](#f1){ref-type="fig"}, the nano ZrB~2~ particle is expected to be wedged into spacing between the multiple layer RGO (or few-layer RGO stacks) and to form a graphitic network. Instead of the GNS/carbon/GNS sandwich architecture, such unique structure is anticipated to greatly increase the geometry surface area of RGO by prohibiting the restacking and the crumpled surfaces being formed, and to facilitate the permeation of electrolyte and the transport of both electrons/protons and reaction species in GNS stacks, thus improving the electrochemical property of Pt NPs.

Results
=======

[Figure 1 b](#f1){ref-type="fig"} displays the Raman spectra of RGO and RGO/ZrB~2~, the peaks at 1348 and 1585 cm^−1^ can be ascribed to the D and G bands of graphene. The D band corresponds to defects and staging disorder in the curved GNS, while the G band is related to the graphitic hexagon-pinch mode (C sp^2^ atoms)[@b27][@b28]. The ratios of the intensities of D band to G band (ID/IG) for RGO and RGO/ZrB~2~ are 0.88 and 0.93, respectively. The increased D peak of RGO/ZrB~2~ indicates an increase in disordered structures after the wedging of nano-ZrB~2~ into few-layer GNS stacks. As shown in [Figure 1c](#f1){ref-type="fig"}, a duller and broader carbon (002) XRD diffraction peak appears for RGO/ZrB~2~, which also indicates a lower graphitic ordered structure of graphene. The lower graphitization index of RGO indicates a lower ordered graphitic structure. This is consistent with the Raman spectra ([Figure 1b](#f1){ref-type="fig"}).

Moreover, instead of a shift of peak (002) of GNS sandwiched by carbon building blocks to a lower angle[@b13][@b29][@b30] which indicates an increased spacing between GNS layers, the RGO/ZrB~2~ nanocomposite does not show any shift at the same peak site, demonstrating the interlayer spacing of GNS cannot be altered by wedging the nano-ZrB~2~. This result indicates that the nano-ZrB~2~ particle can only be wedged into the RGO stacks consisted of multiple layer nanosheets, which is in good agreement with our previous assumption that the presence of the big difference in density between nano-ceramics and graphene prevents the nano-ceramic from being inserted into the GNS layers in liquid solutions. In order to investigate the unique architecture of samples, SEM and TEM observations were further developed ([Figure 2](#f2){ref-type="fig"}, [3](#f3){ref-type="fig"} and [Figure S1](#s1){ref-type="supplementary-material"}). It can be seen that the pristine RGO with a layered structure has typically crumpled surfaces. At the same time, due to the π−π interaction, the 2D RGO nanosheet tends to re-stack ([Figure 2a, b](#f2){ref-type="fig"} and [Figure S1a](#s1){ref-type="supplementary-material"}). In contrast, after the wedging of nano-ZrB~2~ into the RGO stacks in the RGO/ZrB~2~ nanocomposites, the RGO stacks are unfolded in terms of nano-wedge effect of ZrB~2~ NPs ([Figure 2c, d](#f2){ref-type="fig"} and [Figure S1b](#s1){ref-type="supplementary-material"}). [Figure 3](#f3){ref-type="fig"} shows HRTEM images of the Pt/RGO-ZrB~2~, Pt/RGO and Pt/C catalysts. It is interesting that after the platinization the typically crumpled surface of Pt/RGO and unfolded structure of Pt/RGO-ZrB~2~ still remains ([Figure 3a, c](#f3){ref-type="fig"} and [Figure S1c, d](#s1){ref-type="supplementary-material"}). As shown in [Figure 3a and b](#f3){ref-type="fig"}, the average particle size of Pt NPS is 2.56 nm with uniform dispersion on RGO surfaces because of the presence of abundant oxygen-containing functional groups on its surfaces. [Figure 3c](#f3){ref-type="fig"} shows that the Pt NPs are homogeneously dispersed on RGO/ZrB~2~ nanocomposites. The lattice spacing of Pt and ZrB~2~ is \~0.22 and \~0.216 nm, corresponding to Pt (1 1 1) and ZrB~2~ (1 0 1), respectively. The average particle size of the nano-ZrB~2~ is 45 nm and the Pt NPs have a very narrow particle size with diameters in the range of 1 to 3 nm (\~1.89 nm in average) ([Figure 3d](#f3){ref-type="fig"}), which is consistent with the result from XRD patterns as shown in [Figure 1d](#f1){ref-type="fig"}. The Pt volume-averaged particle size of the Pt/RGO-ZrB~2~ and Pt/RGO, calculated by the Scherrer equation[@b31] using the full width at half maximum of the (220) peak, is 1.85 and 2.45 nm, respectively. Moreover, the Pt/C catalyst has a Pt particle size of 2.86 nm ([Figure 3e and f](#f3){ref-type="fig"}).

[Figure 4a](#f4){ref-type="fig"} exhibits CV curves of the catalysts recorded at room temperatures from 0 to 1.2 V at a scan rate of 50 mV/s. Significantly, our Pt/RGO-ZrB~2~ catalyst reveals a unusually high ECSA (148 m^2^ g^−1^), which increases by 43% and 62% in comparison with the Pt/RGO (103 m^2^ g^−1^) and Pt/C (63 m^2^ g^−1^) catalysts ([Figure 4 a and b](#f4){ref-type="fig"}). Such high ECSA value very approaches the theoretical geometry surface area of 154 m^2^g^−1^ of Pt NPs ([Figure 4c](#f4){ref-type="fig"}), which is much greater than that the previous reported ([Figure 4c](#f4){ref-type="fig"}) and also possesses a remarkably high utilization rate of Pt compared with other catalysts ([Figure 4d](#f4){ref-type="fig"})[@b11][@b13][@b16][@b19][@b31][@b32][@b33][@b34]. Furthermore, it can be seen that the Pt/RGO-ZrB~2~ catalyst has the higher half-wave potential (0.85 V) than that of Pt/RGO (0.8 V) and Pt/C (0.79 V) catalysts ([Figure 4e](#f4){ref-type="fig"}). The kinetic current can be calculated from the ORR polarization curve according to the Koutecky-Levich equation[@b35]. As shown in [Figure 4f](#f4){ref-type="fig"}, the mass activity of Pt/RGO-ZrB~2~ (16.8 mA mg^−1^) is 1.9 and 5.2 times that of Pt/RGO (8.6 mA mg^−1^) and Pt/C (3.2 mA mg^−1^), respectively, indicating greatly improved ORR activity achieved using the RGO/ZrB~2~ nanocomposite as the Pt catalyst support. In addition, [Figure. S2a](#s1){ref-type="supplementary-material"} presents the current potential curves of the Pt/RGO-ZrB~2~ at various rotating rates from 400 to 1600 rpm, by which the Koutecky-Levich (K-L) curves at a variety of potentials were plotted ([Figure. S2b](#s1){ref-type="supplementary-material"}). It can be seen that the K-L plots have very similar slopes, and the average electron transfer number is 3.96 calculated by the slopes, demonstrating that our catalyst has a four-electron transfer pathway.

The chronoamperometric i-t curves during the first 8 h electrochemical oxidation are shown in [Figure 5a](#f5){ref-type="fig"}. The minimum corrosion current of nano-ZrB~2~ among the supports (Vulcan XC-72, RGO, ZrB~2~ and RGO/ZrB~2~,) is achieved. Importantly, the RGO/ZrB~2~ exhibits a very lower corrosion current than Vulcan XC-72 and RGO under the same conditions, indicating that the resistance to electrochemical oxidation of RGO/ZrB~2~ is much enhanced over the pure RGO. Furthermore, the accelerated durability test (ADT) of the catalysts was carried out by continuously applying linear potential sweeps. As shown in [Figure S3](#s1){ref-type="supplementary-material"}, both the catalysts exhibit a decrease in the hydrogen adsorption regions after the ADT, indicating a loss of ECSA with repeated potential cycling. Normalized with the initial one, the loss of the ECSA is plotted as a function of cycle numbers ([Figure 5b](#f5){ref-type="fig"}). It is interesting that, after 4000 cycles the ECSA loss of the commercial Pt/C and Pt/RGO is up to 87% and 68%, respectively, whereas the Pt/RGO-ZrB~2~ is only 61%, which clearly indicates that the Pt/RGO-ZrB~2~ is more stable compared with the Pt/RGO and Pt/C under the same testing conditions. This result is consistent with the result from the chronoamperometric i-t curves ([Figure 5a](#f5){ref-type="fig"}) that the resistance to electrochemical oxidation of RGO/ZrB~2~ is much better than RGO and XC-72. The particle size distribution of the Pt NPs was obtained from HRTEM images ([Figure 5](#f5){ref-type="fig"} and [Figure S4](#s1){ref-type="supplementary-material"}) by measuring more than 150 particles in each sample. In the case of the Pt/RGO catalyst, a massive decrease of Pt NPs can be found in [Figure 5c](#f5){ref-type="fig"} and [Figure S4a, b](#s1){ref-type="supplementary-material"} where the average particle size increases from 2.6 to 6.5 nm ([Figure 5d](#f5){ref-type="fig"}). In contrast, relative low agglomeration of Pt NPS occurs for the Pt/RGO-ZrB~2~ ([Figure 5e](#f5){ref-type="fig"} and [Figure S4c, d](#s1){ref-type="supplementary-material"}) with a more sluggish increment in the particle size from 1.9 to 5.5 nm ([Figure 5f](#f5){ref-type="fig"}). As a reference, serious agglomeration of Pt NPS, from 2.9 to 7.3 nm, for the Pt/C catalyst appears ([Figure 5g, h](#f5){ref-type="fig"} and [Figure S4e, f](#s1){ref-type="supplementary-material"}).

Discussion
==========

The enhanced electrocatalytic activity can be derived from the nano-wedge effect of ZrB~2~: 1) the enlarged spacing between few-layer RGO stacks due to the wedging of nano-ZrB~2~ particles with a good conductive property, leading to improved diffusion of electrolyte and transport of the reaction species. 2) the unfolded structure exalted by nano ZrB~2~ due to a higher density than carbon, allowing RGO a greater geometry surface area, which promotes the uniform dispersion of noble metal NPs with a small particle size in average. As shown in [Figure 1e](#f1){ref-type="fig"}, the BET surface area of the RGO/ZrB~2~ composite is about 330 m^2^ g^−1^, which is almost two times of the RGO (171 m^2^ g^−1^). However, for the simple mixture of RGO and ZrB~2~ by hand milling, the surface area of the composite is only 119.4 m^2^ g^−1^ ([Figure S5](#s1){ref-type="supplementary-material"}) which is far less than our RGO/ZrB~2~ composite. Thus, the greatly increased surface area of the RGO/ZrB~2~ support leads to the higher dispersion and the narrower size distribution of Pt NPs in comparison with the pure GNS support. 3) the presence of the nano ZrB~2~ wedge does not obviously affect the electron transport due to the excellent conductive property of ZrB~2~ ceramic (the charge transfer resistance (R~ct~) is 38.68 Ω). As shown in [Figure S6a](#s1){ref-type="supplementary-material"}, although the R~ct~ of the RGO-ZrB~2~ composite (28.69 Ω) is little lower than that of graphene (25.97 Ω) and carbon black (23.19 Ω), after platinization the R~ct~ of the Pt/RGO-ZrB~2~ is 5.23 Ω which is very close to Pt/RGO (4.19 Ω) and Pt/C (3.41 Ω) due to the excellent conductivity of Pt metal ([Figure S6b](#s1){ref-type="supplementary-material"}).

These results also show that the presence of the stable ZrB~2~ nano-wedge between the RGO stack endows the new support with a higher stability, effectively preventing the RGO stack from rapidly re-stacking during electrochemical acceleration. In contrast, the pristine 2D RGO nanosheets are susceptible to the π−π interaction, and tend to re-stack, leading to typically crumpled surfaces formed on RGO during acceleration. The crumpled surfaces can further veil the active sites of Pt and separate electrolyte from the reaction system, accelerating inactivation of Pt when used as catalyst supports. Moreover, compared with a smooth RGO surface, RGO-ZrB~2~ is richer in kinks and traps, which provides more nucleation sites for migrating Pt species (atoms or clusters) and re-collects more Pt species which would otherwise combine into larger particles or dissolve into the electrolyte[@b15].

In summary, we demonstrate that the nano-ZrB~2~ wedged graphene composite supported Pt catalyst can achieve excellent electrocatalytic activity and high stability in comparison with the pristine graphene supported Pt catalyst and the commercial Pt/C catalyst, although it has a very different architecture from the conventional GNS/carbon/GNS sandwich building block. To compare the building block[@b13][@b14], the nano-ZrB~2~ wedged sample shows remarkably high ECSA and utilization rate of Pt, which can be ascribed to the wedge effect of ZrB~2~ nanoparticles and the unique architecture of the RGO/ZrB~2~ nanocomposite that greatly decreases the re-stacking and the crumpled surfaces of graphene nanosheets. The novel catalyst arises a promising application in low temperature fuel cells.

Methods
=======

The process of synthesizing GO/ZrB~2~ nanocomposite and the subsequent deposition of Pt NPs on RGO/ZrB~2~ and RGO is depicted in [Scheme S1](#s1){ref-type="supplementary-material"}. Graphene oxide (GO) was prepared by the modified Hummers method[@b36]. First of all, seventy milligram of the GO was added to EG solution and followed by ultrasonic treatment for 1 h. After that, Thirty milligram of ZrB~2~ with an average particle size of 45 nm and a BET surface area of 38 m^2^/g was mixed with GO aqueous suspension, afterwards, the mixture was allowed to vigorous stirring about 4 h, and then the samples was completely dried by lyophilisation, and then the resultant GO/ZrB~2~ nanocomposite was achieved. Pt NPs were deposited on the obtained RGO/ZrB~2~ by an ethylene glycol (EG) reduction method. One hundred milligram of the GO/ZrB~2~ nanocomposite was added to EG solution and followed by ultrasonic treatment for 30 min, and then transferred into a round bottom flask. Afterwards, the Pt precursor H~2~PtCl~6~·6H~2~O (Sinopharm Chemical Reagent Co., Ltd.) solution was added dropwise into the GO/ZrB~2~ suspension under vigorous stirring. The pH of the solution was adjusted to 10--12 using 1.0 M of NaOH aqueous solution, and then the mixture was heated under reflux at 150°C for 3--4 h to ensure the Pt NPs were completely obtained and the GO was reduced to RGO. After stirring overnight, the mixture was filtered and washed with deionized water. The obtained catalyst was dried in a vacuum oven at 80°C for 8 h. For comparison purposes, RGO supported Pt catalysts (Pt/RGO) were synthesized following a similar procedure and commercial Pt/C catalyst (30 wt.% Pt supported on carbon black) was purchased from E-TEK.

The microstructures of the composite support and catalyst were analyzed using the JEOL 2100 high-resolution transmission electron microscope (HRTEM),the JEOL JEM 6700 scanning electron microscope (SEM) operating at 10 kV, Raman spectroscopy was carried out on a Renishaw using the Ar ion laser with an excitation wavelength of 514.5 nm. N~2~ adsorption-desorption isotherms were recorded at 77 K with a Micromeritics ASAP 2020 Brunauer-Emmett-Teller (BET) analyzer.and X-ray diffraction with Cu Kα source (λ = 1.54056 Å) at a scan rate of 5° min^−1^ from 10° to 80°. The average crystallite size (D) of Pt nano-particles can be obtained according to the Scherrer equation[@b37] using the Pt (220) peak. The electrocatalytic performance of the catalysts was tested with a computer controlled Autolab PGSTAT 30 potentiostat (Eco Chemie B.V, Holland) with a three-electrode cell setup. A platinum electrode was the counter electrode, while a Hg/Hg~2~Cl~2~ electrode was the reference electrode. All potentials measured were referred to the normal hydrogen electrode (NHE). Electrolyte solutions (0.5 M H~2~SO~4~ solution) were deaerated by high purity nitrogen for 30 min prior to any electrochemical measurements. 6 mg of sample was dispersed in 1 mL of deionized water and then mixed with 100 uL 5 wt% perfluorosulfonic acid (PSFA) Nafion (DuPont Co., Ltd.) solution and coated on a mirror-polished glassy carbon disk electrode as working electrode. In the chronoamperometric i-t test, a constant 1.2 V voltagewas applied in the electrochemical oxidation experiments. An electrochemical accelerated durability test(ADT)was conducted by cyclic voltammograms (CVs) between 0.6 and 1.2 V for 4000 cycles. Before and after the ADT, CVs were recorded from 0 to 1.2 V at a scan rate of 50 mVs^−1^. The electrochemical surface area (ECSA) was calculated from the reported equation[@b38]. In addition, the oxygen reduction reaction (ORR) activity of the catalysts was performed in O~2~ saturated 0.5 M H~2~SO~4~ on a rotating disk electrode (RDE) system. Polarization curves were obtained at room temperature with a scan rate of 10 mVs^−1^ and a rotation rate of 1600 rpm, recorded from 1.1 to 0.2 V. The kinetic current can be calculated from the ORR polarization curve according to the Koutecky--Levich equation[@b35]. Electrochemical impedance spectroscopy (EIS) was measured by an EC-lab SP300 frequency response analyzer and the frequency ranged from 1 MHz to 1 Hz.
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